ABSTRACT: With the oceans covering 71% of the Earth, sea spray aerosol (SSA) particles profoundly impact climate through their ability to scatter solar radiation and serve as seeds for cloud formation. The climate properties can change when sea salt particles become mixed with insoluble organic material formed in ocean regions with phytoplankton blooms. Currently, the extent to which SSA chemical composition and climate properties are altered by biological processes in the ocean is uncertain. To better understand the factors controlling SSA composition, we carried out a mesocosm study in an isolated ocean-atmosphere facility containing 3,400 gallons of natural seawater. Over the course of the study, two successive phytoplankton blooms resulted in SSA with vastly different composition and properties. During the first bloom, aliphatic-rich organics were enhanced in submicron SSA and tracked the abundance of phytoplankton as indicated by chlorophyll-a concentrations. In contrast, the second bloom showed no enhancement of organic species in submicron particles. A concurrent increase in ice nucleating SSA particles was also observed only during the first bloom. Analysis of the temporal variability in the concentration of aliphatic-rich organic species, using a kinetic model, suggests that the observed enhancement in SSA organic content is set by a delicate balance between the rate of phytoplankton primary production of labile lipids and enzymatic induced degradation. This study establishes a mechanistic framework indicating that biological processes in the ocean and SSA chemical composition are coupled not simply by ocean chlorophyll-a concentrations, but are modulated by microbial degradation processes. This work provides unique insight into the biological, chemical, and physical processes that control SSA chemical composition, that when properly accounted for may explain the observed differences in SSA composition between field studies.
■ INTRODUCTION
Sea spray aerosols (SSA) represent a major atmospheric aerosol particle type.
1−3 SSA play a crucial role in affecting climate through reducing direct radiative forcing 4 and by modulating cloud properties through their ability to act as cloud condensation nuclei 5 and ice nucleating particles (INP). 6 Estimates of the impact of SSA on the Earth's radiation budget are highly uncertain due to an overall lack of understanding of the physical and chemical factors controlling SSA concentration, size, and composition. 5,7−9 This limits our ability to untangle the extent to which human activities versus the natural background have altered the impacts of particles on the global radiation budget and climate, and thus hampers assessments of future climate change. 10 Freshly emitted SSA are composed of both sea salt and organic material, and under certain conditions the organic species comprise a substantial fraction of the total particle mass, especially for smaller diameter particles (<1 μm). 11, 12 The lower solubility organic components can strongly affect the climate-relevant properties of SSA. 13−15 However, due to a limited understanding of the mechanisms that control the transfer of organic matter from seawater to SSA, it is currently not possible to predict the organic composition of SSA.
Ideally, the organic content of SSA could be predicted using some measured seawater chemical or biological parameter. Significant effort has been put into developing relationships between the organic fraction of SSA and chlorphyll-a (Chl-a) concentrations, an indicator of seawater phytoplankton concentrations, because Chl-a in surface waters can be measured from space using satellites. 16 Results from previous studies have been ambiguous. Some field studies have shown a relationship between the organic fraction of SSA and Chl-a concentrations for monthly and seasonal time scales in ambient marine aerosols, 12, 17 while others have reported no differences in sea spray composition. 15, 18 Further, the coefficient of determination (r 2 ) between Chl-a and organic fraction in SSA is usually below 0.5. 19 This suggests that the organic enrichment of SSA is controlled not only by phytoplankton primary production but also by other biological and chemical processes. Nevertheless, Chl-a is still commonly used to estimate the organic fraction of SSA in large-scale climate models. 5, 20, 21 Thus, if sea spray composition and the associated properties are to be properly treated in models, it is crucial to elucidate the mechanisms that link oceanic biological activity, surface ocean chemical composition and concentrations, and the organic fraction of SSA.
Herein new insights into these mechanistic linkages have been achieved through the use of a unique ocean-atmosphere facility 13 that allows for detailed characterization of seawater and the associated SSA produced from wave breaking during a 29-day mesocosm experiment utilizing real ocean water. Using a kinetic model, we have established a mechanistic explanation tying the control of seawater organic composition by the measured biological metrics of chlorophyll-a and heterotrophic bacteria enzyme activity to submicron SSA organic concentration and composition. The results from this study provide a possible explanation for the conflicting results in field studies investigating the factors controlling the organic content of SSA and the associated climate properties.
■ RESULTS AND DISCUSSION
Overview of Mesocosm Experiment and Measurements. A mesocosm experiment was performed in a wave channel filled with 3,400 gallons of natural seawater obtained off the California coast. This unique ocean-atmosphere facility allowed for simulation of ocean seawater conditions representative of typical oceanic phytoplankton blooms with respect to the Chl-a concentrations. 22 Dynamic oceanic chemical processes associated with biological activity were stimulated by addition of nutrients at the beginning of the experiment, which initiated phytoplankton growth (Methods S1−S4). Two successive, yet distinct, phytoplankton blooms resulted as evidenced by two major Chl-a peaks over the 29-day experimental period ( Figure 1A ). Seawater biological activity was characterized by measurements of Chl-a and heterotrophic bacteria concentrations and ectoenzyme activities (Method S5).
Throughout this entire study, realistic nascent SSA were generated from the seawater using actual breaking waves 5 ( Figure S1 ) and the SSA size distributions and composition, both bulk and size-resolved, were measured (Methods S6−S9). Size-resolved bulk chemical composition of nonrefractory SSA components (in particular, organic matter, OM) of dry particles in the size range 0.04 to 2 μm (vacuum aerodynamic diameter, D va ) was measured online using an Aerodyne high-resolution time-of-flight aerosol mass spectrometer (AMS; Method S7). The normalized OM mass fraction of SSA, f OM , was determined as f OM = [OM]/[PM 1 ] dry , normalized to the maximum value of f OM , where [PM 1 ] dry is the dry submicron particulate mass concentration estimated from the size distributions (Method S8). The chemical compositions of dried individual SSA particles from 0.25 to 3 μm (D va ) were additionally characterized online using an aerosol time-of-flight mass spectrometer (ATOFMS), which measures the sizeresolved chemical mixing state of particles and allows for determination of variations in the relative fractions and concentrations of particles with distinct compositions (Method S7). These online measurements were complemented by offline measurements of individual particle organic composition using micro-Raman spectroscopy (Method S9).
Impact of Mesocosm Dynamics on SSA Composition. The behavior of the f OM time series was distinct between the two phytoplankton blooms; f OM peaked during the first bloom, then decreased and remained constant throughout the second bloom ( Figure 1A ). The variability in f OM suggests a difference in the organic composition of the seawater between the two blooms, examined further below, and helps to explain why previous studies have found inconsistent correlations between organic enrichment in SSA and phytoplankton blooms or Chl-a concentrations in seawater. 12, 15, 18, 21 Further insights come from consideration of the average size distribution of AMS organic species ion signals (Figure 2A) . The peaks at m/z 43, 57, and 44 are used as indicators of total, aliphatic-rich, and oxidized organic species, respectively. 23 The study-average total organic Figure 1 . Time series for the mescosom experiment in the wave channel of (A) Chl-a and heterotrophic bacteria (HB) concentrations in bulk seawater and as f OM , the relative organic mass fraction of SSA as determined by the AMS; (B) f AR , the relative aliphatic-rich factor mass fraction and the number fraction of the OC particle type; (C) f OR , the relative oxygen-rich factor mass fraction and the number fraction of the SSOC particle type as determined by the AMS and ATOFMS respectively; and (D) the concentration of ice nucleating particles (INP).
size distribution was bimodal, with clear chemical differences between the classes of organic compounds in these two modes. The submicron mode peaked at D va = 300 nm and was dominated by aliphatic-rich organic species, whereas the supermicron mode peaked at D va = 1500 nm and was dominated by oxidized organic species, consistent with the size-resolved mass spectra ( Figure S2 ). SSA are formed when bubbles burst at the air−sea interface, producing both film drops and jet drops. 2 Film drops are formed from the bursting of the bubble film, which is enriched in surface active organic species, 24 while jet drops may originate from the sea surface microlayer (SSML) or underlying bulk seawater. These differences in production mechanisms can lead to differences in the resulting SSA composition. It is typically assumed that most submicron SSA originate from film drops, while most supermicron SSA originate from jet drops. 24, 25 Aliphatic-rich organic species, such as lipids, are typically surface active, allowing them to partition strongly to bubble surfaces and the air−sea interface. This can lead to organic enrichment in film drops, especially if bubble drainage of water occurs, 26 although there can be a complex relationship between enrichment in the SSML and the bulk concentrations of surface active species. 27, 28 In contrast, the more oxidized organic species in the supermicron mode were chemically similar to the dissolved organics in the seawater, as evidenced by comparison with the AMS organic spectrum of atomized bulk seawater ( Figure S3 ). Given the differences in the size and composition of the two organic modes of SSA, we postulate that the aliphatic-rich submicron mode particles were mainly generated from film drops, while jet drops contributed to the supermicron mode particles that contained the more soluble oxidized organic compounds. It should be noted that this is the first time the production mechanism has been shown to distribute different classes of organic species to different size modes.
The AMS organic signals were separated into two factor components using positive matrix factorization (Method S8, Figure 2B ), and the oxygen-to-carbon (O/C) and hydrogen-tocarbon (H/C) atomic ratios of the total organic matter were extracted through analysis of the high-resolution mass spectra. The mass spectrum for one of the factors was dominated by hydrocarbon peaks (C x H y + ), similar to that of the organics in the submicron mode ( Figure S3) ; this factor will be referred to as the aliphatic-rich (AR) factor. The mass spectrum for the second factor was similar to the average supermicron mode organic mass spectrum ( Figure S3 ) and contained many oxygen-containing organic peaks (C x H y O z + ); this factor will be referred to as the oxygen-rich (OR) factor. Thus, the AR and OR factors are representative of the organic species comprising the submicron and supermicron modes, respectively. Figure 1B ,C shows the time series of the AR and OR factor mass concentrations, normalized to [PM 1 ] dry and the maximum value of f OM , referred to as f AR and f OR (Method S8). Both f AR ( Figure 1B ) and the H/C ratio of the total organic matter ( Figure S4 ) exhibited a sharp peak during the first phytoplankton bloom, quickly declined, and then remained nearly constant throughout the second bloom. The sudden decrease in the f AR peak was nearly concurrent with the decline of the Chl-a concentrations in the first bloom, suggesting that the submicron mode became enriched in labile organic species that underwent rapid transformations through microbial activity in the seawater. The observation that f AR peaked only during one of the blooms indicates that there were clear differences in the production and degradation of the organic species that made up most of the submicron organic mass. The half-life of these labile species was <1 day, as f AR decreased by more than 50% within 1 day of the peak. Known labile species in seawater include amino acids, proteins, free sugars, fatty acids, and other lipids. 29, 30 The AR factor was rich in aliphatic character, and thus lipids seem a more likely source of the submicron organics than do proteins or free sugars. The f OR time series exhibited distinctly different behavior from that of f AR , increasing from the onset of the first bloom, after which it remained relatively constant ( Figure 1C) , suggesting that the more oxidized organic species in the supermicron mode had comparably much longer residence times in seawater than AR species. These findings demonstrate that organic species in seawater cannot be considered a homogeneous pool in terms of how they influence organic enrichment in SSA, and that biological degradation processes coupled with differences in the production mechanism lead to partitioning of distinct classes of organic species into separate SSA size modes at different times during a phytoplankton bloom.
The general organic types (aliphatic-rich and oxygen-rich) are further supported by offline measurements using microRaman spectroscopy of individual, substrate-deposited particles in different size ranges (Method S9). During the peak of the first bloom (day 14), submicron particles (aerodynamic diameter ratio of individual particles was estimated from the molecular formulas of representative compounds ( Figure S6) . Thus, the micro-Raman results further support the mass spectrometry results showing different classes of organic species contributing to particles in the two SSA size modes.
Analysis of the ATOFMS mass spectra led to identification of two distinct organic-enriched SSA particle types (Method S7): sea salt mixed with organic carbon species (SSOC) and organic carbon species largely free of sea salt (OC) (Figure S5A ), both of which are similar to previously described particle types. 13 Whereas the AMS allowed for characterization of the bulk organic composition, the ATOFMS characterizes individual particle types, making these two online mass spectrometry approaches complementary. Supermicron particles (1−3 μm) were dominated by the SSOC type, with SSOC particles 2 to 3 times more abundant than OC type particles in this size range. Further, the time series of the total SSOC number fraction was similar to that of f OR ( Figure 1C ), which suggests a relationship between oxygen-rich species and SSOC type particles. The relative number fraction of the OC particle type increased steeply with decreasing size, making up a greater fraction of total particles than SSOC in the smallest size bin (0.25−0.5 μm). This indicates a connection between OC type particles and the AR organics in the submicron mode, although the time series of the total OC number fraction was fairly constant over time, in contrast to the sharp peak in f AR ( Figure 1B) . However, the total OC number fraction time series is not necessarily representative of the behavior of particles with dry D va < 0.5 μm, which make up <1% of the total particle counts due to the size-dependent sampling bias of the ATOFMS ( Figure S5B ). The particle sampling statistics do not lend themselves to a presentation of the time series in the relevant submicron size range (dry D va ∼ 0.3 μm). Based on the combined AMS and ATOFMS results, the aliphatic-rich organic species in the submicron particles most likely occur in particles largely free of sodium chloride (i.e., OC type) while the oxygen-rich organic species in the supermicron mode were more likely to be internally mixed with sea salt (i.e., SSOC type).
Explaining the Differences in SSA Organic Content between the Two Blooms. The second phytoplankton bloom in the wave channel did not lead to organic enrichment in the submicron mode, suggesting that some process other than phytoplankton primary production must have played a role in controlling the abundance and chemical composition of organic material transferred to submicron SSA. Heterotrophic bacteria (HB) concentrations ( Figure 1A ) and enzymatic activity as characterized by the lipase activity ( Figure 3) were much higher during the second bloom than during the first, and both exhibited similar temporal variations. It is therefore possible that primary production by phytoplankton introduced surface-active, aliphatic-rich, highly labile (ARL) organic species to the seawater that led to the sharp increase in f AR (i.e., in aliphatic-rich organics in submicron SSA) during the first bloom. However, this buildup in ARL speciesand thus in f AR was halted and reversed as the HB concentration and enzymatic activity increased, leading to an increased rate of transformation of ARL species into less surface active, more soluble species. Although these degradation products likely remained in the seawater, 31 they were transferred less efficiently into submicron SSA by film drops thereby causing f AR to decrease and remain low throughout the second bloom. It is likely that the more soluble degradation products, likely fatty acid salts, contributed to organics species in the supermicron mode which began to increase after the first bloom. The most likely identity of the ARL organic species was lipids such as glyceroglycolipids, phospholipids, and triacylglycerols, which make up the majority of lipids produced by phytoplankton in seawater. 32, 33 Fatty acids are less likely to be the ARL organic species because they are generally more soluble and less surface active than other lipids classes and lack ester bonds. 34 Additionally, the turnover time for free fatty acids in the ocean is around 10 days, 25, 26 much longer than the 1 day observed in the first bloom. Consistent with the above ideas, it is well established that heterotrophic bacteria in seawater use ectoenzymatic lipase to transform ester-containing lipids by hydrolysis into smaller molecular weight and comparably more soluble free fatty acids or their salts. 29 Thus, we suggest that the sharp decrease in f AR at the end of the first bloom and the sustained low level throughout the second bloom resulted from the increase in heterotrophic bacteria concentrations and the associated lipase enzymatic activity.
This hypothesis is quantitatively examined using a box model in which it is assumed that ARL species are produced by phytoplankton and transformed by bacteria via lipase (Method S11). More specifically, ARL production is assumed to correlate with the death and disruption (cell lysis) of the phytoplankton, which usually results from programmed cell death or virus or zooplankton attack, which serves as a major source of dissolved organic matter (DOM) in seawater. 26, 35 In this study, zooplankton likely do not play an important role since most zooplankton were removed by filtering at the start of the experiment (Method S2). Additionally viral lysis of phytoplankton was excluded from the model because the observed virus concentration correlated with the HB concentration (r 2 = 0.60), indicating that most of the viruses in the mesocosm experiment, which were at typical ocean concentrations, 36 were likely bacteriophages that do not attack phytoplankton. 37, 38 Therefore, for this mesocosm experiment, programmed cell death is thought to control phytoplankton cell lysis, and the production rate of ARL was assumed to be first order and proportional to the Chl-a (and phytoplankton mass) concentrations. The transformation rate of the ARL species was assumed to follow Michaelis−Menten kinetics. 29 Thus, the model is governed by the following equation: 
where k + is the ARL production rate constant and C 1/2 is the ARL concentration at half of its maximum consumption rate, both of which are adjustable parameters. The observed [Chl-a] time series is used as a model input. The parameter R max is the maximum transformation rate of ARL, which is related to the enzymatic activity. Here, R max is assumed to be equal to the measured time series of lipase activity.
The model parameters have been adjusted to determine an [ARL] time series that reproduces the shape of the f AR time series (Figure 3 ). This comparison implicitly assumes that variations in [ARL] are linearly related to f AR , which is reasonable if the surface-active ARL species are below the surface saturation threshold; this assumption may break down at high ARL concentrations. 27, 28 This model shows good agreement between the calculated [ARL] and the observed f AR , after tuning (Figure 3) , which strongly supports our hypothesis that enzymatic degradation, driven by bacterial lipases, led to the rapid reduction in f AR after the first bloom and the sustained low concentrations during the second bloom. Ectoenzyme activities besides lipase, including protease, chitinase, and alkaline phosphatase, were also measured. However, these ectoenzyme activities showed very different temporal trends from lipase ( Figure S7) , and no values of the adjustable model parameters were found that yielded a good fit to the f AR time series when these were used either individually or summed together. This further supports the idea that bacterial lipase activity was specifically responsible for the degradation of ARL species. Thus, bacterial enzymes are responsible for converting insoluble lipids into more soluble free fatty acids as the primary ARL transformation pathway. 32, 33 The change in solubility induced by the enzymes results in different classes of organic species being released in different SSA size modes, as described above.
The above model excludes processes resulting from cell lysis of heterotrophic bacteria which could be a source of mostly phospholipids, rather than triacylglycerols and glyceroglycolipids, 39, 40 although it is unlikely that contributions from bacteria cell lysis would compete globally with primary lipid production from phytoplankton.
26 Also of consideration is the level of lipase activity during the blooms, which was ∼50 nM h −1 during the first bloom with a peak of 200 nM h −1 during the second bloom. Unpublished measurements of lipase activity of the natural seawater at the SIO pier range from 8 to 30 nM h −1 . Lower values have been observed in more oligotrophic sites, 41 while similarly high values have been observed in the northern Adriatic Sea 42 and in other mesocosm experiments. 43 The implication of having high lipase activity, relative to oceanic blooms, is that the ARL transformation may have proceeded more rapidly during the mesocosm experiment, thus limiting the duration of the submicron SSA organic enrichment.
Taking all the results together, the contribution of organics to the submicron SSA mode (here, exemplified by f AR ) is determined by the combined effects of the production and transformation of key surface-active species. Thus, the use of Chl-a as an indicator of organic enrichment in submicron SSA consequently only provides one piece of the story. Based on our findings, we recommend that future studies include measurements of bacterial enzyme activities to provide a more complete picture of the production and formation pathways for organic species in seawater to explain submicron SSA composition.
Impact of Phytoplankton Bloom on Ice Nucleation Properties. As SSA particles influence clouds and represent the dominant particle type available to serve as cloud nucleating particles in remote marine environments, 4, 44 variations in SSA chemical composition induced by biological activity have been suggested to lead to the observed changes in cloud properties in these regions. 13 Here we investigate how concentrations of ice nucleating particles (INP) changed during the mesocosm experiment through SSA collection and release into liquid for immersion freezing studies in solution (Method S10). The observed INP concentrations (0.001−0.014 L −1 at −15°C) were similar to those observed in remote (>45°S) marine air. 32 The maximum warm-temperature INP concentration (i.e., ice nucleation at ≥−15°C) occurred concurrent with the peak in f AR during the first bloom ( Figure 1D ). The INP activity during this period was reduced from 0.014 L −1 to below the detection limit for this sample by preheating the solution to 95°C, suggesting that biological particles were released concurrently with the AR organics in SSA. Additionally, monolayers of surface-active long-chain molecules could also have triggered ice nucleation on SSA; for example, amphiphilic long-chain alcohol monolayers have been shown to trigger heterogeneous freezing of water. 45, 46 It is important to note that the INP which appear to be biological particles based on the heat treatment results could have been released concurrently with the change in SSA composition of submicron particles. Although the exact species that led to the increased INP concentrations during the first bloom are not yet confirmed, the observation that the INP concentration peaked during a phytoplankton bloom suggests that changes in the chemical composition and complexity of seawater, induced by biological processes, can influence the release of ice nucleating particles, a finding which has significant implications for marine cloud properties and global climate.
Factors Controlling SSA Composition and ClimateRelevant Properties. A mechanistic overview of the major findings of this mesocosm experiment is provided in Figure 4 . Chemically distinct pools of different organic compounds are proposed to exist in seawater. Differences in chemical composition between these pools determine both their biological availability and transfer to the aerosol phase, leading to clear distinctions in organic speciation and mixing state of organic-containing submicron and supermicron SSA. As evident from the mesocosm experiment here, these separate organic pools were transferred to SSA at different times and in different particle size ranges over the course of two successive phytoplankton blooms.
During the first bloom only, aliphatic-rich organic species in SSA peaked sharply and generally tracked Chl-a concentrations. The AR organics were primarily in submicron particles with little, if any, contribution from NaCl, indicating that they were most likely generated primarily from the bursting of the bubble film cap as purely organic particles. A similar mechanism was proposed recently based on the observation that the organic fraction of artificially generated sea spray from natural waters in the field was more aliphatic-rich from areas of higher Chl-a concentrations. 47 Increased concentrations of ice nucleating particles were associated with the increase of these aliphaticrich organic species, thus illustrating the potential climatic impacts of variations in SSA chemical composition. However, no enrichment in AR organics occurred during the second bloom despite higher peak Chl-a concentrations. It is proposed here that the AR organics are phytoplankton-produced, surfaceactive, labile organic species, such as ester-containing lipids, that are subject to hydrolysis by enzymatic activity of bacterial lipase. This mechanism is supported by a kinetic box model that was constrained by measured Chl-a concentrations and lipase activity and that associates variations in calculated seawater labile AR organics with variations in the observed AR organics in submicron SSA for the two phytoplankton blooms in the wave channel. In contrast, the supermicron mode SSA organics were identified as being comparably oxygen-rich and likely mixed with sea salt. These OR organics are likely more soluble than the AR organics and less surface active, and it is proposed that the OR organics are transferred to SSA primarily via jet drop production. The organic precursors contributing to the supermicron SSA are likely relatively more recalcitrant in nature and products of either phytoplankton primary production, bacteria degradation, or secondary production, making their temporal behavior difficult to model. Future mesocosm studies should focus on obtaining a more complete understanding of the factors contributing to the fate of these OR organic species in seawater.
A recent study 12 detected no difference in the amount of organic enrichment in SSA in areas of high and low biological activity, leading the authors to conclude that background levels of organic species overwhelm those produced by biological activity in seawater and make up the organic content of SSA. However, the current study demonstrates that biological processes can indeed impact the organic content of SSA. First it is shown here that the organic species contributing to submicron and supermicron SSA are different chemical classes and show different temporal behavior over the course of the bloom. Second, the extent of organic enrichment in submicron SSA particles depends on a competition between phytoplankton production and bacterial degradation of surface-active organic species. This study therefore provides a mechanistic explanation as to why Chl-a has proven to be an inconsistent predictor of organic enrichment in SSA particles. Clearly, predictions of organic enrichment and the resulting impacts on cloud properties in marine environments require additional measurements besides Chl-a levels. Specifically, the history of the phytoplankton bloom, timing of the SSA measurements relative to the bloom life cycle, heterotrophic bacteria concentrations, and the associated level of enzymatic activity also play determinant roles.
■ ASSOCIATED CONTENT

* S Supporting Information
The following file is available free of charge on the ACS Publications website at DOI: 10.1021/acscentsci.5b00148.
Details on the experimental methods, a detailed description of the model, and additional figures (PDF) maintaining the wave channel. We would also like to thank Susannah Burrows, Douglas Collins, Luisa Galgani, Renee Williams, and Richard Cochran for many helpful discussions.
